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The brightness, efficiency, chromaticity, and processibility of white organic light-emitting devices
have been markedly improved by forming therein via spin-coating a single white emission layer, in
which the red, green, and blue dyes of iridium-based complexes were previously solution-mixed
into the host matrix composed of small molecules instead of polymers. Among the hosts studied, the
4,4-biscarbazol-9-yl-biphenyl-based devices performed best in terms of luminance and efficiency
for having the lowest-energy barrier for electrons to inject from the hole-blocking layer to the host
layer. The device having a pure white emission of 0.34, 0.35 had a maximum power efficiency of
2.9 lm/W at an applicable luminance of 1680 cd/m2, while 5.6 lm/W at 550 cd/m2 for that of
0.34, 0.39. © 2005 American Institute of Physics. DOI: 10.1063/1.1991997
White organic light-emitting devices WOLEDs are
increasingly attracting attention for their potential applica-
tions in high-quality flat-panel displays, lighting, and
optoelectronics.1,2 WOLEDs can be fabricated by vapor
deposition of electroluminescent dyes in a single or
multilayer structure.3–6 However, larger area size can be
made more cheaply and easily by using solution-involved
printing technologies, such as screen printing and ink-jet
printing.7 Specifically, better composition control over the
various dyes is highly obtainable in the solution process.
Some prior studies have indeed attempted to solution-mix
the desired dyes into polymer hosts,8,9 or to solution-mix the
desired light-emitting polymers.10 Nevertheless, better per-
formance regarding chromaticity, tunability, stability, bright-
ness, and efficiency is still highly desirable before the maxi-
mum potential of the applications can be truly realized.
We present in this letter highly luminous, highly effi-
cient, and highly reproducible small molecule host-based
WOLEDs via solution processing, wherein the single white
emission layer can be formed by spin coating the solution-
mixture of the co-dopants of a desired emission with the host
matrix composed of small molecules. The molecular hosts
employed herein have resulted in much better luminance per-
formance than the polymer counterpart for having better
carrier-injection energy barrier pairs.
The WOLED structure studied is shown in Fig. 1.
The respective blue, green, and red iridium Ir-complex
phosphorescent dyes used were bis3,5-Difluoro-2-2-
pyridyl-phenyl-2-carboxypyridyl iridium III FIrpic,
tris2-phenylpyridine iridium III Irppy3, and
bis2-2-benzothienyl-pyridinato-N, C3acetylacetonate
iridium III Btp2Iracac. The molecular hosts studied
were N,N-dicarbazolyl-3,5-benzene mCP, 4,
4 ,4-triN-carbazolyl triphenylamine TCTA,
3-4-Biphenylyl-4-phenyl-5-tert-butylphenyl-1, 2, 4-triazole
TAZ, 4,4-biscarbazol-9-yl biphenyl CBP, and the poly-
mer host studied polyN-vinyl carbazole PVK. The
WOLED was prepared as follows: polyethylenediox-
ythiophene: Polystyrene sulfonic acid was spin coated on
the precleaned indium tin oxide-coated glass substrate. Sub-
sequently, the solution mixture of the three Ir-complex dyes
and the host was spin-coated under nitrogen. A 15-nm-thick
bis2-methyl-8-quinolinolate-4-phenylphenolato alumi-
num BAlq3 hole-blocking layer and a 20-nm-thick tris8-
hydroxyquinoline aluminum Alq3 electron-transporting
layer were then deposited, and finally, a 0.5-nm-thick lithium
fluoride and a 120 nm aluminum.
The luminance results of the WOLEDs employing the
different hosts are shown in Fig. 1. The devices employing
the small-molecule hosts unanimously showed much better
performance than did the polymer counterpart. Their turn-on
voltage were relatively low, ranging from 4 to 4.25 V, while
6.5 V was registered for the polymer. The maximum
luminances were much higher, ranging from
4400 to 15 200 cd/m2 for varying hosts, while 3060 cd/m2
was measured for the polymer one. The efficiencies were
also comparatively better, ranging from 1.4 to 5.6 lm/W,
with 0.9 lm/W measured for the polymer host. Among the
devices, the one with the CBP as the host had the best per-
formance.
aAuthor to whom correspondence should be addressed; electronic mail:
jjou@mx.nthu.edu.tw
FIG. 1. Luminance characteristics of the WOLEDs using the different host
materials. The respective concentrations of the blue, green, and red dyes of
Ir-complex of FIrpic, Irppy3, and Btp2Iracac were fixed at 12 wt %,
0.4 wt %, and 0.35 wt %, respectively. Inset: The device structure of the
WOLEDs studied.
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Table I compares the carrier-injection energy barriers of
the WOLEDs and the resultant luminance characteristics. It
is important to note that the CBP-based WOLED has the
lowest-energy barrier of 0.1 eV for electrons to inject from
the hole-blocking layer BAlq3 to the host layer. The trans-
port of electrons in organic light-emitting devices is known
to be comparatively slower than that of holes, which then
becomes the efficiency-limited step. The lowest electron-
injection barrier presented in the CBP-based WOLED had
indeed resulted in the highest luminance efficiency and
brightness. The performance declined accordingly as the bar-
rier increased. This explains why the PVK polymer-based
WOLED had the poorest performance, as it had the highest
electron-injection energy barrier.
This energy barrier played a consistent role in affecting
the performance of the WOLEDs, especially of the TCTA-
and mCP-based devices. These two devices had the same
hole-injection energy barrier of 0.9 eV. The TCTA-based de-
vice, however, showed better luminance, as it had a lower
electron-injection barrier of 0.3 eV, while 0.6 eV was re-
corded for the mCP-based device.
Furthermore, raising the energy barrier of hole injection
seemed to enhance the performance. This can be observed in
the systems of TAZ and TCTA. They both had the same
electron-injection barrier of 0.3 eV. The TAZ-based device
exhibited a better efficiency and brightness while having a
higher hole-injection barrier of 1.6 eV. It was 0.9 eV for
TCTA.
The electroluminescent spectra of the CBP-based
WOLED are shown in Fig. 2. This device emitted at 5 V a
white light with a Commission Internationale De L’Eclairage
CIE coordinates of 0.36, 0.37 with broad spectra from
380 to 776 nm. The emission was slightly blueshifted from
0.36, 0.37 to 0.34, 0.38 as the applied voltage increased
from 5 V to 9 V. The blueshift can also be seen in the spec-
tra by realizing the increase of the blue emission.
The effect of dopant composition on the characteristics
of the CBP-based WOLEDs can be seen in Table II. Com-
paring devices A, D, E, and F, the brightness increased from
9600 to 15 200 cd/m2 and power efficiency increased from
2.9 to 5.6 lm/W when Irppy3 was raised from
0 to 0.4 wt %. The enhancement can be attributed to the ad-
dition of the highly efficient dye of Irppy3.11 The white
emission was in the meanwhile shifted slightly from 0.34,
0.35 to 0.34, 0.39, which was a light-greenish white. De-
vice A with the white emission of 0.34, 0.35 had a maxi-
mum power efficiency of 2.9 lm/W with an applicable lumi-
nance of 1680 cd/m2 at 25.3 mA/cm2. While, Device D
with the emission of 0.34, 0.39 had a maximum power
efficiency of 5.6 lm/W with a luminance of 550 cd/m2 at
4.9 mA/cm2.
Relatively high batch-to-batch reproducibility had been
obtained by using the presented solution process, especially
by comparing Devices F, G, and L. Their average turn-on
voltage was 4.25±0.25 V, maximum luminance
14260±530 cd/m2, and maximum power efficiency
5.4±0.3 lm/W. The CIE coordinate almost remained un-
changed at 0.34, 0.39.
The effect of the blue dye FIrpic concentration on the
luminance performance can also be seen in Table II. The
maximum brightness almost did not vary when its concen-
tration increased from 10 to 16%. Their average magnitude
was 13430±230 cd/m2. This may be due to the role-shift of
the FIrpic blue dye. The addition of a great amount of this
dye, whose concentration was comparable to the host, would
convert the extra blue dye molecules from their emitting role
to a hosting one.
FIG. 2. Electroluminescent spectra of the small-molecule CBP-based
WOLED at various applied voltages. The respective concentrations of the
FIrpic, Irppy3, and Btp2Iracac dyes were 12 wt %, 0.2 wt %, and
0.35 wt %, respectively. Inset: The CIE coordinates of the device at voltages
changing from 5 to 9 V.
TABLE I. Carrier-injection energy barriers comparison of the WOLEDs employing the different hosts, and their luminance characteristics.
Host
LUMO
eV
HOMO
eV
Electron-injection
energy barrierf
eV
Hole-injection
energy barrierg
eV
Turn-on
voltage
V
Maximum
efficiency
lm/W
Maximum
luminance
cd/m2
CBP 2.9a 6.0a 0.1 1.0 4 5.6 15 200
TAZ 2.7d 6.6d 0.3 1.6 4.25 3.3 6870
TCTA 2.7c 5.9c 0.3 0.9 4 1.7 5070
mCP 2.4e 5.9e 0.6 0.9 4 1.4 4400
PVK 2.2b 5.8b 0.8 0.8 6.5 0.9 3060
aSee Ref. 5.
bSee Ref. 8.
cSee Ref. 11.
dSee Ref. 12.
eSee Ref. 13.
fFor an electron to inject from the hole-blocking layer BAlq3 to the host. The lowest unoccupied molecular orbital LUMO and highest occupied molecular
orbital HOMO levels of BAlq3 are 3.0 and 6.5, respectively see Ref. 14.
gFor a hole to inject from the hole-injection layer PEDOT: PSS to the host. The LUMO and HOMO levels of PEDOT: PSS are 2.3 and 5.0, respectively see
Ref. 15.
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The effect of the presence of the BAlq3 hole-blocking
layer on the electroluminescent spectra of the CBP-based
WOLED can be seen in Fig. 3. Also shown in the figure is
the spectrum of the pure green device based on Alq3, which
was used mainly as the electron-transport layer in these
WOLEDs. The spectrum of the device without the hole-
blocking layer had a very different subpeak that shifted to
500 nm, while its blue emission had become weaker. The
green shift of the subpeak from 496 nm to 500 nm can be
attributed to the occurrence of the green emission of the Alq3
layer, which had an emission peak at 528 nm.
To conclude, we have been able to employ small-
molecule hosts co-doped in the same time the three desired
red, green, and blue dyes via spin-coating to form a single-
emitting layer of pure white light with improved perfor-
mance, especially when compared with the polymer-host-
based counterpart. Among the small molecule hosts studied,
the CBP one performed best in terms of luminance and effi-
ciency for having the lowest-energy barrier for electrons to
inject from the hole-blocking layer to the host layer. The
higher-energy barriers for holes to inject to the host also
favored the entire luminance characteristics.
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FIG. 3. Effect of the presence of the BAlq3 hole-blocking layer on the
electroluminescent spectra of the CBP-based WOLED. Also shown is the
spectrum of the Alq3-based green device. Inset: Luminance and efficiency
characteristics of the devices.
TABLE II. Doping composition effect of the red, green, and blue dyes of Ir-complex on the luminance characteristics of the CBP-based WOLEDs.
Device
Concentration Maximum power
efficiency lm/W
and the corresponding
luminance cd/m2
Maximum
luminance
cd/m2
CIE coordinate
at
100–10 000 cd/m2Ba Gb Rc
A 12 0.0 0.35 2.9 1680 9600 0.339±0.013,0.350±0.004
B 12 0.2 0.2 4.2 1446 12 600 0.295±0.008,0.382±0.004
C 12 0.2 0.5 3.8 628 8700 0.397±0.004,0.359±0.002
D 12 0.2 0.35 4.2 551 12 500 0.359±0.004,0.375±0.005
E 12 0.3 0.35 4.7 1350 13 100 0.345±0.011,0.380±0.003
Fd 12 0.4 0.35 5.6 550 15 200 0.342±0.011,0.390±0.003
Gd 12 0.4 0.35 5.7 498 13 840 0.342±0.009,0.400±0.004
H 12 0.5 0.35 6.4 878 15 250 0.345±0.012,0.409±0.006
I 12 0.6 0.35 6.3 1182 15 410 0.346±0.013,0.434±0.008
J 12 0.7 0.35 7.1 674 16 220 0.344±0.011,0.449±0.004
K 10 0.4 0.35 4.5 2792 13 470 0.332±0.010,0.402±0.005
Ld 12 0.4 0.35 5.1 2289 13 820 0.333±0.011,0.390±0.003
M 14 0.4 0.35 5.3 1808 12 970 0.341±0.010,0.382±0.005
N 16 0.4 0.35 5.5 1557 13 440 0.341±0.011,0.399±0.004
aBlue dye of FIrpic.
bGreen dye of Irppy3.
cRed dye of Btp2Iracac.
dDevices having the same composition but were fabricated in different batches.
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